We present maps of 12 CO J = 2 − 1 emission covering the entire star-forming disks of 16 nearby dwarf galaxies observed by the IRAM HERACLES survey. The data have 13 ′′ angular resolution, ∼ 250 pc at our average distance of D = 4 Mpc, and sample the galaxies by 10 − 1000 resolution elements. We apply stacking techniques to perform the first sensitive search for CO emission in dwarf galaxies outside the Local Group ranging from individual lines-of-sight, stacking over IR-bright regions of embedded star formation, and stacking over the entire galaxy. We detect 5 galaxies in CO with total CO luminosities of L CO 2−1 = 3 − 28 × 10 6 K km s −1 pc 2 . The other 11 galaxies remain undetected in CO even in the stacked images and have L CO 2−1 0.4 − 8 × 10 6 K km s −1 pc 2 . We combine our sample of dwarf galaxies with a large sample of spiral galaxies from the literature to study scaling relations of L CO with M B and metallicity. We find that dwarf galaxies with metallicities of Z ≈ 1/2 − 1/10 Z ⊙ have L CO of 2 − 4 orders of magnitude smaller than massive spiral galaxies and that their L CO per unit L B is 1 − 2 orders of magnitude smaller. A comparison with tracers of star formation (FUV and 24µm) shows that L CO per unit SFR is 1 − 2 orders of magnitude smaller in dwarf galaxies. One possible interpretation is that dwarf galaxies form stars much more efficiently, we argue that the low L CO /SFR ratio is due to the fact that the CO-to-H 2 conversion factor, α CO , changes significantly in low metallicity environments. Assuming that a constant H 2 depletion time of τ dep = 1.8 Gyr holds in dwarf galaxies (as found for a large sample of nearby spirals) implies α CO values for dwarf galaxies with Z ≈ 1/2 − 1/10 Z ⊙ that are more than one order of magnitude higher than those found in solar metallicity spiral galaxies. Such a significant increase of α CO at low metallicity is consistent with previous studies, in particular those of Local Group dwarf galaxies which model dust emission to constrain H 2 masses. Even though it is difficult to parameterize the dependence of α CO on metallicity given the currently available data the results suggest that CO is increasingly difficult to detect at lower metallicities. This has direct consequences for the detectability of star-forming galaxies at high redshift which presumably have on average sub-solar metallicity.
INTRODUCTION
Robust knowledge of the molecular (H 2 ) gas distribution is indispensable to understand star formation in galaxies.
Observations in the Milky Way and nearby galaxies suggest that stars form in clouds consisting predominantly of H 2 (Lada & Lada 2003; Fukui & Kawamura 2010) . Because H 2 is almost impos-sible to observe directly under typical conditions of the cold interstellar medium (ISM), its abundance and distribution has to be inferred using indirect methods. Observations of low rotational lines of carbon monoxide (CO) have been the standard method to do so as CO is the second most abundant molecule and easily excited in the cold ISM. Over the last decades, of the order of a hundred galaxies in the local Universe have been successfully detected in CO. Over the last years CO has been detected throughout the Universe out to cosmological distances (Solomon & Vanden Bout 2005) . These CO observations have greatly enhanced our knowledge of H 2 in galaxies, the phase balance of the ISM, and its interplay with star formation.
Despite great advances in studying H 2 in massive starforming galaxies, our knowledge of H 2 in star-forming dwarf galaxies remains poor. The CO emission in these systems has proven to be extremely faint and most studies targeting metal-poor dwarf galaxies have resulted in non-detections. For sensitivity reasons, surveys of dwarf galaxies have tended to target only a few systems and used mostly single pointings (Israel et al. 1995; Young et al. 1995; Taylor et al. 1998; Barone et al. 2000; Böker et al. 2003; Sauty et al. 2003; Albrecht et al. 2004; Leroy et al. 2005) . These data are very heterogeneous as they target different CO transitions, cover different regions, and have different beam sizes, sensitivities, and beam filling factors. Thus, conclusive results for basic quantities such as the total CO luminosity of dwarf galaxies have not been reached and comparison to other observables have been complicated by these systematic effects.
CO observations are currently -and will remainour most accessible tracer of cold H 2 in the local and distant Universe. It is thus important to obtain profound understanding of the connection between CO and H 2 in different environments. Inside individual molecular clouds, this dependence has proven to be highly complicated and influenced by many factors (e.g., Shetty et al. 2011a,b) . Many of these dependencies average out on scales larger than individual clouds, however metallicity will not. Metallicity may thus be the single most important factor determining the CO/H 2 ratio on large scales. This makes a robust calibration of the CO/H 2 ratio as function of metallicity a viable proposition for those observational studies that use CO as a tracer of H 2 . The need becomes more pressing as observations start probing the CO content of galaxies in the distant Universe where most stars presumably formed in environments with sub-solar metallicity.
To understand the environmental dependencies of the CO/H 2 ratio requires good knowledge of the CO content of all types of galaxies, even in those where we worry that CO may not trace H 2 in the same way as it does in massive spiral galaxies. This makes sensitive, widefield CO maps of dwarf galaxies an important undertaking. The HERACLES 11 survey (partly published in Leroy et al. 2009 ) has obtained such CO observations of a large set of nearby star-forming galaxies ranging from massive spirals down to low-mass, low-metallicity dwarfs. In conjunction with an extensive set of multi-wavelength data, this survey has already led to a vast improvement of our knowledge of the relation between H i, CO, H 2 , and star formation.
In this paper, we present sensitive measurements of CO emission of 16 nearby low-mass, low-metallicity starforming dwarf galaxies from the HERACLES survey using stacking techniques. We use these data to study the relation between CO emission and other galaxy parameters, especially star formation rate (SFR) and H 2 mass. Then we analyze the CO/H 2 ratio as function of metallicity. In Section 2 we introduce our multi-wavelength data and summarize their basic properties. In Section 3 we conduct a sensitive search for CO emission for individual lines-of-sight, IR-bright regions, and entire galaxies. In Section 4 we compare these CO measurements to other galaxy parameters and compare the relationships found for dwarf galaxies to those of massive spiral galaxies. In Section 5 we study the metallicity dependence of the CO/H 2 ratio. We use observed SFRs to infer H 2 masses and thus constrain CO/H 2 , then we compare our results to results derived from other methods. In Section 6 we summarize our findings.
DATA
We study 16 nearby low-mass star-forming galaxies (for simplicity just called "dwarfs" throughout the paper) 11 http://www.cv.nrao.edu/~aleroy/HERACLES/Overview.html from the HERACLES 11 survey (Leroy et al. 2009 ); see Figure 1 for an outline of the area surveyed for each target. These data have been largely neglected in previous work on the HERACLES sample as their CO emission has rarely been robustly detected in the pixel-based studies of Bigiel et al. (2008 Bigiel et al. ( , 2011 and Leroy et al. (2008) or the radial stacking analysis of Schruba et al. (2011) . The only galaxies for which data were provided are Ho I, Ho II, DDO 154, IC 2574 , NGC 2976 , and NGC 4214 (Leroy et al. 2009 ). Table 1 lists our sample of dwarf galaxies along with adopted distances, inclination, position angle, optical radius, metallicity, B-band optical magnitude, H i mass, and total star formation rate (SFR) . These values are taken from Walter et al. (2008) where possible and from LEDA (Prugniel & Heraudeau 1998) and NED elsewhere.
CO Data
We take CO data from the HERACLES 11 survey which mapped the 12 CO J = 2 → 1 emission line in 48 nearby galaxies using the IRAM 30m telescope (Leroy et al. 2009 ). The observations are designed to cover large parts of the galaxies and extend to 1 − 1.5 times the optical radius, R 25 , for large spirals and up to 2−3 R 25 for small galaxies. The final data cubes have an angular resolution (FWHM) of 13 ′′ and a spectral resolution (channel separation) of 2.6 km s −1 . The noise level is 20 − 30 mK per resolution element and per channel.
Whenever possible we compare our observed CO(2-1) data to literature measurements. To do that, we convert them to CO(1-0) intensities assuming a constant line ratio, R 21 = I CO 2−1 / I CO 1−0 = 0.7. We choose this constant line ratio to achieve consistency with Bigiel et al. (2011) and Schruba et al. (2011) . This is the average ratio found for all HERACLES galaxies (E. Rosolowsky et al., in preparation) . From this data no significant variations of R 21 with metallicity are evident over the range 12 + log O/H ≈ 8.6 − 8.9 on scales of 1 kpc. In low metallicity environments such as the Magellanic clouds values of R 21 ∼ 1.0 − 1.5 are frequently found (Bolatto et al. 2000 (Bolatto et al. , 2003 Israel et al. 2003 Israel et al. , 2005 . This can lead to an over-prediction of the true CO(1-0) values by a factor of 2. However, later we will see that this potential bias is too small to change our conclusions.
We will discuss the CO-to-H 2 conversion factor extensively in Section 5 but note that a typical Galactic CO(1-0)-to-H 2 conversion factor is X CO = 2.0 × 10 20 cm −2 (K km s −1 ) −1 (Strong & Mattox 1996; Dame et al. 2001; Abdo et al. 2010 ) which translates to α CO = 4.38 M ⊙ pc −2 (K km s −1 ) −1 when including a factor of 1.36 to account for heavy elements.
HI Data
We draw H i data mostly from the VLA THINGS survey . The H i data for NGC 4236, NGC 4626, and NGC 5474 are from the VLA programs AL 731, AL 735, both led by one of us (P.I. Leroy) , and from the archive. The H i data for DDO 165 is from the LITTLE THINGS survey (D. Hunter et al., in preparation) . The angular resolution of the data referred to above is ∼ 10 − 20 ′′ , the velocity resolution is 2.6 − 5.2 km s −1 for the THINGS and LITTLE THINGS data, and 5.2 − 10 km s −1 for the other data. The sensitiv- Figure 1 . Coverage of CO Observations. For each HERACLES dwarf galaxy we show the coverage of our CO data (gray dashed line), the H i surface density (grayscale) at linear scale between 0 − 40 M ⊙ pc −2 , the 24µm intensity (red contour) at 0.2 MJy sr −1 , the FUV intensity (blue contour) at 0.01 MJy sr −1 , and a galactocentric radius R = R 25 (white contour). We determine the CO intensity at each sampling point (dot), and stack the data for the "entire" galaxy (black contour) and for IR-bright regions (red contour), see text for definition of stacking regions. ity of these data is sufficiently high to never limit our analysis.
Star Formation Tracers
We estimate the star formation rate (SFR) using a combination of FUV and 24µm emission following the approach introduced in Bigiel et al. (2008) and Leroy et al. (2008) ′′ , and sufficient sensitivity to determine FUV intensities with high signal-tonoise throughout the star-forming disk. The IR data are taken from the Spitzer SINGS (Kennicutt et al. 2003) and Local Volume Legacy (LVL) surveys (Dale et al. 2009 ). These data have ∼ 6 ′′ resolution; their sensitivity is sufficient to detect 24µm emission in most of our galaxies except the lowest mass and lowest metallicity dwarf galaxies. We apply some processing to the FUV and 24µm maps (i.e., mask foreground stars and flatten background) as described in Leroy et al. (2012) .
Metallicities
Gas phase oxygen abundances (metallicities) are taken from Moustakas et al. (2010) . For galaxy-integrated data we use the average of their "characteristic" metallicities (their Table 9 ) derived from a theoretical calibration (KK04 values) and an empirical calibration (PT05 values). In some plots we also show the radial stacking results from Schruba et al. (2011) for which we use the metallicity gradients from Moustakas et al. (2010, Table 8) again averaging the two calibrations. The "characteristic" metallicity of a galaxy corresponds to the value of the metallicity gradient at radius R = 0.4 R 25 .
Sampling
We convolve all our data to a common resolution of 13 ′′ (limited by the CO data; some H i data have coarser beam sizes and we include them on their native resolution assuming to first order homogeneous H i distribution) and sample them on a hexagonally packed grid spaced by half a beam size (6.5 ′′ ). For each line-of-sight we collect observed intensities of CO, H i, FUV, and 24µm, and determined local gas masses and SFRs. We also store the H i mean velocity, the original CO spectrum, and the galactocentric radius. Figure 1 shows for each galaxy in our sample the H i distribution as grayscale, the extent of FUV and 24µm emission indicated by a single contour, the CO map coverage, and our sampling grid as dots. See Figure 2 for integrated CO intensity maps for a subset of our galaxies.
2.6. Literature Sample Throughout the paper we will compare our measurements for dwarf galaxies to a larger sample of nearby galaxies. This sample is taken from the literature compilation of Krumholz et al. (2011) which includes the more massive HERACLES galaxies and some additional Local Group and nearby galaxies. Table 2 lists their names together with adopted distances, metallicities, Bband magnitudes, total CO(1-0) luminosity, total SFR, and references to the original literature. The compilation aims at maximizing homogeneity of used data and methodology. We supplement the Krumholz et al. compilation by adding absolute B-band magnitudes adjusted to our adopted distances. We also update the total CO luminosities using the most recent HERACLES data (converted to CO(1-0) luminosities) and SFRs derived from combining FUV and 24µm maps. We use the metallicities listed in Krumholz et al., these have been derived following the above described methodology.
CO EMISSION IN HERACLES DWARF GALAXIES
To derive meaningful constraints on CO content, we search for CO emission on three different spatial scales: individual lines-of-sight, stacked over the entire galaxy Figure 2 . CO Intensity Maps. Integrated CO(2-1) intensity maps (including all channels with velocities in the range of ±50 km s −1 of the local H i mean velocity) for a subsample of the HERACLES dwarf galaxies at a linear grayscale from −0.3 to 0.7 K km s −1 . The galactocentric radius R = R 25 is shown as white contour, the region selected to determine the integrated CO intensity for the entire galaxy as black contour. The remaining HERACLES dwarf galaxies not shown here are non-detections at full resolution. Goldsmith et al. (2008) (i.e., map coverage), and stacked over regions bright in 24µm.
3.1. Individual Lines of Sight We start with searching for significant CO emission in individual lines-of-sight. For the dwarf galaxies in HER-ACLES the noise per channel map in the full resolution (13 ′′ × 2.6 km s −1 ) cubes is σ = 21 ± 3 mK. For each galaxy we search the entire cube for regions with signalto-noise ratio (SNR) > 4 over two consecutive velocity channels. This corresponds to a CO point source with luminosity Table 3 lists CO(1-0) luminosities of the brightest clouds in M 33, LMC, SMC, IC 10, and values for the Milky Way Orion-Monoceros complex, Orion A, and Taurus. We are sensitive enough to detect these clouds (except Taurus) at our average source distance of D = 4 Mpc. Figure 2 shows maps of integrated CO intensity for the more massive dwarf galaxies of our sample. Each line-ofsight integral includes all channels with velocities within the range of ±50 km s −1 of the local H i mean velocity. Five galaxies, NGC 2403, NGC 2976, NGC 3077, NGC 4214, and NGC 4625, show emission exceeding our point source sensitivity within ±50 km s −1 of the local mean H i velocity. A point source of 1.5 times our point source sensitivity will show up completely black at the chosen linear grayscale. For all other galaxies we detect no signal at this angular resolution. The non-detection of bright CO clouds in most of our targets is most likely linked to their low metallicity, 12 + log O/H 8.0, while the reference sample in Table 3 has higher metallicities, 8.2 12 + log O/H 8.8.
Improve Sensitivity by Stacking
The large map size of the HERACLES maps and the fine (13 ′′ ) resolution as compared to the angular extent of the galaxies allow us to search for CO emission at many different locations inside the galaxies. We saw above that only a few galaxies have signal strong enough to be detected in individual lines-of-sight. Therefore, we now apply the stacking technique developed and described in detail in Schruba et al. (2011) . This method accounts for the velocity shift in the observed CO spectrum due to galaxy rotation or other bulk motion. This is done by re-adjusting the velocity axis of the CO spectrum of each line-of-sight such that the local H i mean velocity appears at a common (zero) velocity in the shifted spectrum. Under the assumption that the mean velocities of H i and CO closely correspond to each other (confirmed in the bright inner disk of spiral galaxies), the CO line peaks in the shifted spectra by construction at zero velocity across each galaxy (and across the sample). By averaging these shifted spectra we can decrease the noise and coherently add up the spectral line at known (zero) velocity. We may expect that the signal-to-noise (SNR) in the integrated line intensity, L CO , does improve proportional to √ ∆V Gal / √ ∆V Obs , where ∆V Gal is the total velocity gradient across the galaxy from galaxy rotation and ∆V Obs is the width of the CO line at the observing resolution. This ratio may typically be on the order of √ 250/ √ 20 ∼ 3.5. Significant further improvement in the SNR will be achieved by averaging over many linesof-sight.
To determine the line intensity we fit the stacked spectrum by a Gaussian profile with center restricted to be within ±50 km s −1 of zero velocity, FWHM to be larger than 15 km s −1 , and the amplitude to be positive. In cases where the fitted Gaussian has peak intensity below 3σ or the integrated intensity is less than 5 times its uncertainty we determine an upper limit instead. The upper limit is defined as the integrated intensity of a Gaussian profile with FWHM set to 18 km s −1 and amplitude fixed to 3σ. Figure 3 shows stacked CO spectra determined over the entire galaxy for the targets shown in Figure 2 .
For white noise σ rms (in the velocity-integrated intensity of the stacked spectrum) decreases proportional to N −1/2 by stacking where N is the number of independent resolution elements. For our data σ rms does improve by stacking but at somewhat slower rate and saturates at ∼ 1 mK km s −1 after averaging over ∼ 500−1000 resolution elements. Deviations from the white noise behavior are linked to our observing strategy and data reduction (see Leroy et al. 2009 ).
It is further instructive to note that the size of the selected stacking region becomes a critical quantity as we have to deal with non-detections. Increasing the size of the stacking region will lead to stronger upper limits on I CO ; in an ideal world I CO ∝ N −1/2 . The upper limits on L CO will however degrade with increasing area since L CO = I CO × Area ∝ N 1/2 . As we are mainly interested in the absolute quantity L CO , we have to be careful when selecting an appropriate stacking region.
Stacking of Entire Galaxies
We start with stacking the CO spectra over the entire (mapped) extent of each galaxy. To define the "entire" galaxy extent, we use the SFR distribution as guideline for the (most likely) distribution of molecular gas and CO emission. Unfortunately, this method does not provide definite sizes. FUV emission (the main tracer of SFR in dwarf galaxies outside massive star-forming regions) typically starts to flatten as function of galactocentric radius before reaching the background level. We therefore select for each galaxy a maximum galactocentric radius (typically between 1 − 2 R 25 ) that includes most (∼ 95%) of the galaxy-integrated star formation. The so selected regions are highlighted by black contours in Figures 1 & 2 .
We will show later that for some galaxies the as above selected region is not fully sampled by our CO map and may miss a significant fraction (in the worst cases ∼ 10 − 30%) of the total SFR as given in Table 1 . This is especially true for NGC 5474 and NGC 2403, and to Figure 3 . Stacked CO Spectra. The resulting mean CO(2-1) spectrum after stacking all data over the entire galaxy (or map extent; black contours in Figures 1 & 2) . The spectra are shifted to the local mean H i velocity and thus expected to peak at zero velocity (see text). We fit Gaussian profiles (green lines) to the data within ±50 km s −1 to determine the integrated CO intensity; for stacked spectra without robust signal we determine 3σ upper limit (green dot-dashed lines). The horizontal dotted lines show the 1σ rms noise of the stacked spectra. a lesser extent for Ho II, NGC 2366, NGC 3077, NGC 4214, and NGC 4236. It is, however, not obvious how to correct for this effect. In the remainder of this paper we will therefore continue to refer to our measured L CO as the total galaxy-integrated luminosity but urge the reader to keep in mind that the true value may be up to ∼ 30% higher for a (small) subset of our sample. The given uncertainties on L CO include only the statistical uncertainties of fitting the stacked spectrum with Gaussian profiles. Uncertainties in the calibration (from instrumental and reduction methodology) may affect L CO by up to 30% (see Leroy et al. 2009 ) and uncertainties in the distance will enter quadratically -neither effect is included. Figure 3 shows the resulting spectra when stacking over the entire observed part of the galaxy (for the same galaxies shown in Figure 2 ). Table 4 lists the (unprojected) area and the respective L CO and SFR. Five galaxies, NGC 2403, NGC 2976, NGC 3077, NGC 4214, and NGC 4625 are robustly detected. These are the same galaxies that already showed emission for individual lines-ofsight (Section 3.1). One galaxy, NGC 4236, may show a tentative signal which extends from −8 to +20 km s −1 , has peak intensity ∼ 2.4 mK (∼ 2.3σ) over 2 channels, I CO 2−1 ≈ 0.035 K km s −1 , and L CO, 2−1 ≈ 2.1 × 10 6 K km s −1 pc 2 , a factor 0.6 below our quoted upper limit. This emission is not point-source-like because with a point source sensitivity of L CO ∼ 2.5×10 4 K km s −1 pc 2 for this galaxy it would have been easily detected. All other galaxies remain undetected. There are three galaxies, IC 2574, Ho II, and NGC 5474, where we may have expected to find signal as these galaxies have properties similar to detected galaxies. The stacked spectrum of IC 2574 shows an enhancement peaking at ∼ 0−5 km s −1 , with full width ∼ 16−18 km s −1 , and peak intensity ∼ 4 mK (∼ 1σ) for the 24µm-selected regions or ∼ 1.3 mK (∼ 0.8σ) over the entire galaxy. While the match between CO and H i velocities is encouraging, the significance of this enhancement is too low to differentiate it from spurious emission. The stacked spectra of Ho II and NGC 5474 show no signs of (Schruba et al. 2011 ).
signal at a noise level of 1.9 and 2.2 mK per 2.6 km s −1 channel, respectively.
Stacking of 24 µm-bright Regions
We make a final attempt to search for faint CO emission by stacking over regions that likely have the highest probability to contain molecular gas and may be bright in CO. These are regions rich in dust and showing signs of embedded high-mass star formation. We use the 24µm intensity, I 24µm , as a tracer of these conditions and select all lines-of-sight that have I 24µm ≥ 0.2 MJy sr −1 at 13 ′′ resolution. The adopted 24µm level does not have a specific physical interpretation, but it is well (∼ 4σ) above the noise level of the 24µm maps. IR emission tends to be faint in dwarf galaxies (e.g. Walter et al. 2007 ).
In the more massive dwarf galaxies of our sample this 24µm level effectively separates the star-forming peaks from the rest of the galaxy. The smallest dwarf galaxies however do not reach this 24µm intensity, and we omit them from this analysis. The thus selected regions are highlighted by red contours in Figure 1 . Table 5 lists the results when stacking over these 24µm-bright regions: the (unprojected) area, 24µm and CO luminosity, and enclosed SFR. This method does not lead to new CO detections in addition to those galaxies already detected at individual lines-of-sight and over the entire galaxy. However, for non-detected galaxies it results in stronger upper limits on integrated quantities that scale with the size of the stacking regions, i.e., lower upper limits on L CO and lower L CO /SFR ratios.
SCALING RELATIONS FOR CO LUMINOSITY

Comparison to Magellanic Clouds
We begin with a comparison of our CO measurements (upper limits; Table 4 & 5) to the Magellanic Clouds (Table 2 ). These are essentially the only low-metallicity systems that are well detected in CO over the full galaxy extent. We also list previous CO observations of our targets in Table 6 . A direct comparison to our CO measurements is however not straightforward as previous observations covered only small fractions of the star-forming a Luminosities are given on main beam temperature scale (T mb ) and are calculated assuming our adopted distances; line width and upper limit (3-4σ) on peak intensity are taken from the relevant reference.
disk (often just a single pointing) and were strongly limited by sensitivity. The large scatter between individual literature measurements and compared to our values indicate that previous pointed observations have not been able to robustly constrain the galaxy-integrated CO luminosity of dwarf galaxies. The galaxies that we detect in CO are comparable to (or exceed) the LMC in M HI , M B , SFR, and metallicity, but we are able to detect them at distances D = 2.9 − 9.5 Mpc. Galaxies that have not been detected when stacking over the entire galaxy extent, have L CO 2−1 upper limits 0.1 − 2.6 times the CO luminosity of the LMC, L LMC CO 1−0 = 3.2 × 10 6 K km s −1 pc 2 (Fukui et al. 2008 ). Our data is not sensitive enough to detect a CO luminosity comparable to the SMC, L 
Scaling Relations of L CO with M B and Metallicity
We use our robust estimates of the galaxy-integrated CO luminosity of dwarf galaxies to examine the relationship between L CO 1−0 , B-band magnitude, M B , and metallicity in Figure 4 . In conjunction with our literature compilation our galaxy sample covers 5 orders of magnitude in L CO , 4 orders of magnitude in L B , 1.5 orders of magnitude in metallicity, 5 orders of magnitude in star formation rate (SFR = 10 −4 − 10 1 M ⊙ yr −1 ), and 3 orders of magnitude in H i mass (M HI = 10 7 − 10 10 M ⊙ ). The top panel of Figure 4 shows L CO as a function of M B . For guidance we show the solid line which highlights a constant scaling between L CO and L B , set to intersect the bright galaxies. In the bright galaxies (M B < −18), L CO and M B track one another with a moreor-less fixed ratio, log 10 L CO [K km s
.5 ± 0.4, as one might expect for a simple scaling with galaxy mass (Young & Scoville 1991; Leroy et al. 2005; Lisenfeld et al. 2011 ). The dwarf galaxies (M B ≥ −18) on the other hand lie below the solid line. They are "underluminous" in CO, i.e., their ratios are systematically smaller, −2.7 ± 0.6, than those of massive galaxies. Despite this trend, L CO and M B are strongly correlated with (absolute) rank correlation coefficient r corr = 0.79.
The middle panel of Figure 4 shows L CO as function of metallicity. There is a dramatic drop in L CO by 3 − 4 orders of magnitude over a small range of metallicities. This drop is to first order caused by the much smaller mass and size of dwarf galaxies. However, due to the strong luminosity-metallicity relation for dwarf irregulars (e.g., Lee et al. 2006; Guseva et al. 2009 ), it is also correlated to M B (i.e., the top panel). The rank correlation coefficient is r corr = 0.60.
The bottom panel of Figure 4 shows the ratio L CO /L B as function of metallicity. Plotting L CO /L B should remove most of the mass and size dependence seen in the above panels. The decreasing trend of L CO /L B with deceasing metallicity clearly shows that dwarf galaxies are also "underluminous" in CO in a normalized sense.
From the study of a large sample of literature CO data, Taylor et al. (1998) suggested a "detection threshold" for CO below 12+log O/H ≈ 8.0, about the metallicity of the SMC. Our data do not overcome this threshold: All of our galaxies with lower metallicity remain undetected. However, given the decreasing trend of L CO /L B with decreasing metallicity and the fact that our data is not sensitive enough to detect a galaxy like the SMC at a distance of D = 4 Mpc leaves open the question whether the proposed threshold is of observational or physical origin. Figure 5 shows the relationship between CO emission and tracers of recent star formation, FUV and 24µm, together with a combination of FUV and 24µm often used to estimate the SFR (see Section 2.3). Panels in the left column show the correlations between observables I CO , I FUV , and I 24µm , panels in the right column show the ratios of I CO and I FUV or I 24µm as function of metallicity. For our dwarf galaxies (bigger symbols) we show both the stacking results derived over the entire galaxy (colored by metallicity) as well as the values derived from stacking over the 24µm-bright regions (gray symbols). For comparison we also show azimuthally averaged radial intensity profiles for spiral galaxies (smaller colored symbols) which are taken from Schruba et al. (2011) . The plots shown here are similar to plots of the "star formation law", i.e., plots of Σ SFR versus Σ H2 , though these are typically presented with axes interchanged and show data that are corrected for inclination (which we have not done here).
CO and Tracers of Star Formation
One of the results from Schruba et al. (2011) was that spiral galaxies exhibit a strong correlation between I CO and I 24µm (see middle panel in left column). This has been interpreted as a direct link between molecular gas as traced by CO emission and SFR, which is mostly deeply embedded and traced by 24µm emission. The ratio of CO/24µm is roughly constant inside galaxies and shows only little variation between galaxies and as function of metallicity where CO is detected (middle panels). The ratio of CO/FUV also shows little scatter inside individual galaxies but can vary significantly between galaxies (upper panels). The large scatter in CO/FUV and the strong scaling with metallicity reflects the strong susceptibility of FUV emission to dust attenuation. In low metallicity environments CO/FUV is low because CO abundance and thus I CO is low and at the same time, low dust abundance and low attenuation cause I FUV to be relatively high. The ratio of I CO /(I FUV +0.04I 24µm ) which is proportional to the H 2 depletion time, τ dep , is to first order constant ∼ 1.8 Gyr for environments with 12+log 10 O/H ≈ 8.7 and shows little dependence on metallicity in environments with about solar metallicity (see also Bigiel et al. 2008 Bigiel et al. , 2011 Leroy et al. 2011) .
Our dwarf galaxies however do show deviations from the trends observed for radial profiles of more massive galaxies. The CO, FUV, and 24µm intensities measured in the dwarf galaxies are close to the lowest intensities measured in the radial annuli of more massive galaxies. In addition, the ratios of CO/FUV and CO/24µm are shifted to smaller values. For our detected galaxies the ratios are a factor 5 − 10 below the ratios found in more massive galaxies. The data of our undetected galaxies are scattered but for galaxies with sensitive CO upper limits they are also shifted toward low CO/FUV and CO/24µm ratios. Dwarf galaxies exhibit enhanced signatures of star formation (both embedded and unobscured) per unit CO brightness as compared to large star-forming galaxies.
IMPLICATIONS FOR CO-TO-H 2 CONVERSION FACTOR
A serious complication in studying the molecular content of dwarf galaxies arises in how to relate the observed CO luminosities to H 2 masses. Applying a Galactic CO-to-H 2 conversion factor, α CO, Gal , to dwarf galaxies that have been detected in CO results in low H 2 masses (Taylor et al. 1998; Mizuno et al. 2001; Leroy et al. 2007 ). The resulting H 2 masses are so low that to explain the observed SFRs the conversion of H 2 to stars would need to be on average 10−100 times more efficient than in Galactic environments -a condition that seems unlikely (e.g., Bolatto et al. 2011) .
The detection of excess ionized carbon and infrared to millimeter dust emission around star-forming regions (Madden et al. 1997; Pak et al. 1998; Rubin et al. 2009; Cormier et al. 2010; Israel & Maloney 2011) indicates that CO may not trace all H 2 at low metallicity (Maloney & Black 1988; Israel 1997; Bolatto et al. 1999; Wolfire et al. 2010) . Because H 2 can self-shield, its abundance is basically a function of its formation time (which depends on metallicity), however, CO cannot self-shield and exists only in regions that are sufficiently shielded by dust from the interstellar radiation field (Glover et al. 2010; Glover & Mac Low 2011) . α CO is therefore assumed to be a strong function of metallicity and radiation field strength, although robust functional parametrizations of these dependences are still lacking (but see Shetty et al. 2011a,b and Narayanan et al. 2011 for recent theoretical works).
In the following we will discuss three different meth- Bigger symbols show stacking results for dwarf galaxies derived over the entire galaxy extent (colored symbols) or over 24µm-bright regions (gray symbols). Smaller symbols show azimuthally averaged radial profiles in massive spiral galaxies. CO emission is well correlated with emission of SFR tracers, especially with 24µm. The ratios CO/FUV and CO/24µm show systematically smaller values in low-metallicity environments as is typical for dwarf galaxies.
ods that have been applied to estimate α CO in external galaxies. In particular we are interested in the metallicity dependence of α CO . Whenever possible, we parametrize this dependence by a linear function between log 10 α CO and (12+log O/H), i.e., log 10 α CO = log 10 A + N × (12 + log 10 O/H − 8.7) (1) where the normalization A gives α CO at 12+log O/H = 8.7 and N is the slope. Before we begin, we have to caution the reader that gas phase metallicities bear considerable uncertainties. Different empirical and theoretical calibrations can result in systematic discrepancies in estimated metallicities as large as 0.1 − 0.7 dex (Kewley & Ellison 2008) . However, once a specific calibration is selected the relative ordering of individual galaxies and derived slopes are more robust. For our new data and our literature compilation we have tried to maximize homogeneity of metallicity estimates (i.e., we use the metallicity calibration described in Section 2.4 whenever possible). To be on the save side, we thus concentrate our discussion on the slope of the parametrization between α CO and metallicity. For the same reason a direct comparison of our results to the literature is hindered as previous studies applied a variety of different metallicity calibrations that may even vary within individual studies.
Different Methods to Estimate the CO-to-H 2
Conversion Factor
Virial Method
The classic method to derive α CO uses high resolution CO observations that are capable of resolving individual molecular clouds (e.g., Solomon et al. 1987) . Under the assumption that a CO-bright core is in virial equilibrium, its observed linewidth and size can be converted into a virial mass, M vir , and from that α CO ≡ M vir /L CO . Early work by Wilson (1995) , Arimoto et al. (1996) , and Boselli et al. (2002) have applied this method to a handful of Local Group galaxies and found a weak metallicity dependence of α CO with slopes flatter than −1. This metallicity dependence however has not been confirmed by the recent studies of Blitz et al. (2007) and Bolatto et al. (2008) . They re-analyze a large set of literature data aiming at maximizing homogeneity of their analysis and carefully correcting for finite spatial and spectral resolution. They derive a distribution of α CO values that scatters without systematic trend around 0.5 − 5 α CO, Gal (the green striped region in Figure 7 ; we describe this figure later in detail). It has to be emphasized that the virial method likely leads to a significant underestimate of the total H 2 mass of GMCs in low-metallicity environments. This bases on the idea that with decreasing metallicity the CO-bright cores shrink to (much) smaller size than the surrounding H 2 clouds (e.g., Bolatto et al. 1999; Wolfire et al. 2010; Shetty et al. 2011a,b) .
Dust Modeling
This method uses IR observations and dust modeling to estimate the gas mass and distribution which has the advantage that it is independent of CO emission (Thronson et al. 1988; Israel 1997; Dame et al. 2001; Leroy et al. 2007 Leroy et al. , 2009 Leroy et al. , 2011 Gratier et al. 2010b; Bolatto et al. 2011) . It builds on the assumption that gas and dust are well mixed and α CO is derived from M dust ≡ DGR × (M HI + α CO L CO ), where DGR is the dust-to-gas ratio. By modeling the dust distribution the local H 2 mass can be inferred from M dust (after subtraction of local H i) by either fixing the DGR in quiescent, non-starforming regions (assumed to be H 2 -free) or by simultaneous optimizing α CO and DGR such that the scatter between M dust /DGR and M HI + α CO L CO gets minimized. Early work by Israel (1997) implied a strong metallicity dependence of α CO with slope of −2.7 ± 0.3. Recent work by Gratier et al. (2010b) , Leroy et al. (2011), and Bolatto et al. (2011) did confirm a strong increase of α CO at low metallicities, although their results vary in absolute terms, proposed functional form, and are systematically smaller than the α CO values derived by Israel (1997) . The α CO values derived by these studies lie within the blue striped region in Figure 7 . The lowest metallicity galaxy to which this method has been applied is the SMC, for which large amounts of H 2 have been inferred implying α CO values 10 − 100 times the Galactic value Bolatto et al. 2011) .
Disadvantages of this method are that it is susceptible to variations of the FIR emissivity of dust grains and variations in DGR between dense, star-forming regions and low density, quiescent regions. There are indications that the emissivity is enhanced in dense regions (e.g. Paradis et al. 2009; Planck Collaboration et al. 2011) which would cause an overprediction of α CO on scales of individual star-forming regions. Second, because dust enrichment of the ISM by stars seems insufficient to explain observed dust abundances, it is proposed that most dust forms in the ISM, presumably in the densest regions (Dwek 1998; Draine et al. 2007) . If this dust is only slowly transported into the lower density ISM then this would also lead to an overprediction of α CO . The need for sensitive, matched high resolution data to make the analysis robust limits this method to nearby galaxies and makes observations time consuming.
Constant SFE
An alternative method to constrain the H 2 mass is to assume that the conversion of H 2 to stars is independent of environment, i.e., assuming a constant H 2 depletion time, τ dep , or a constant star formation efficiency (SFE; the inverse of τ dep ). α CO is then given by α CO ≡ τ dep × SFR/L CO . This approach has been applied even when it was still considered very uncertain how to relate CO to H 2 in our Galaxy (Rana & Wilkinson 1986 ). We will apply this method to our sample of nearby galaxies in the remainder of this paper. The idea is encouraged by several observations: (a) the accumulating evidence that star formation in molecular clouds is independent from environment as indicated by the similarity of molecular cloud properties in our and nearby galaxies (Blitz et al. 2007; Bolatto et al. 2008; Fukui & Kawamura 2010) , the universality of SFE per free-fall time in clouds of different mass and density (Krumholz & Tan 2007) , and evidence in favor of a universal initial stellar mass function (Bastian et al. 2010) ; and (b) the remarkably constant scaling between H 2 and SFR on ∼ kpc scales observed in a large set of nearby spiral galaxies (e.g., Bigiel et al. 2008 Bigiel et al. , 2011 Leroy et al. 2008; Schruba et al. 2011 ). A Figure 6 . Metallicity Dependence of the CO-to-H 2 Conversion Factor. α CO is derived from the ratio of observed SFR scaled by a constant H 2 depletion time, τ dep = 1.8 Gyr, and the observed CO luminosity, L CO . Bigger symbols show galaxy-integrated measurements of dwarf galaxies from this work, smaller symbols show data for our literature compilation with starbursts highlighted by stars. The horizontal dashed line shows the Galactic conversion factor and the diagonal lines show regression fits: to all galaxies (dotted line), to all non-starburst galaxies (dashed line), and exclusively to the HERACLES sample (solid line).
drawback of this method is that it requires that the correlation between H 2 and SFR established in spiral galaxies continues to hold in dwarf galaxies. This makes the method less rigorous than direct attempts to trace H 2 but also makes it available for a much larger sample of galaxies including distant galaxies.
Currently we are not able to conclude that τ dep is truly constant. Observations of strongly variable star formation histories and starbursts readily indicate that it does not hold in all environments (e.g. Lee et al. 2009; Weisz et al. 2011) . However, recent theoretical considerations by Krumholz et al. (2011) and Glover & Clark (2012) provide a motivation in favor of a constant H 2 /SFR ratio. Although some of these methods do question if H 2 is fundamental for star formation, they also argue that H 2 will be a good tracer of star-forming regions. This is because the H i to H 2 transition and the drop in gas temperature which makes clouds susceptible to gravitational instabilities occur under similar conditions that are to first order set by dust shielding of the interstellar radiation field.
New & Literature Measurements
In the following we explore the implications for CO if τ dep is indeed constant. The average value for spiral galaxies in the HERACLES sample with about solar metallicity varies in the range of ∼ 1.8 to 2.35 Gyr (Bigiel et al. , 2011 Leroy et al. 2008; Schruba et al. 2011) . This natural variation is due to minor differences from galaxy to galaxy, and depends on exactly which lines-of-sight are included, and in particular the weighting method employed (i.e., galaxy average, radial rings, or pixel averages). We adopt here a value of τ dep = 1.8
Gyr which is derived on the basis of entire galaxy averages. Figure 6 shows the resulting α CO values as function of metallicity. In this plot we show galaxy-integrated values, bigger symbols show our measurements of dwarf galaxies (Table 4 ) and smaller symbols show data from our literature compilation (Table 2) . Color coding highlights metallicity as in previous plots. Star symbols indicate galaxies that are labeled in the literature as starbursts.
The derived α CO values strongly depend on metallicity. For galaxies with 12+log 10 O/H 8.6, we find α CO ∼ α CO, Gal although with ∼ 0.3 dex (factor 2) scatter. For galaxies with lower metallicity, α CO increases strongly with decreasing metallicity. For dwarf galaxies with 12+log 10 O/H 8.6, even though most of them remain undetected in CO, we can readily exclude α CO ∼ α CO, Gal . The few dwarf galaxies with CO detection suggest α CO 10 α CO, Gal at 12+log 10 O/H 8.4. We emphasize that the derived α CO values for dwarf galaxies with Z/Z ⊙ ∼ 1/2 − 1/10 are 1 − 2 orders of magnitude higher than α CO values derived for massive spirals with Z/Z ⊙ ∼ 1.
We attempt to parametrize this dependence by fitting function of the form given in Eq. (1). We use a bisecting linear regression to determine the best-fitting parameters. Uncertainties are determined from a Monte Carlo analysis. We have repeatedly added Gaussian noise to α CO with log-normal standard deviation of 0.3 dex and to 12+log 10 O/H with standard deviation of 0.1 dex and re-fitted the perturbed data. The quoted uncertainties correspond to the standard deviation of 100 such derived best-fit parameters. Table 7 lists the resulting normalizations and slopes together with the scatter of the data orthogonal to the best-fit regression. We divide our galaxy sample in two groups: "starbursts" and "non-starbursts", and evaluate the HERACLES galaxies and the complete sample separately. This may help to minimize biases due to inhomogeneous data sets. We expect the smallest systematics for the HERACLES sample including only non-starburst galaxies. We separate the starbursts because they likely violate our assumption of a constant τ dep having SFR in excess of their H 2 content. The best-fit regressions depend somewhat on the particular galaxy sample; see Figures 6 and Table 7 . For this analysis we neglect the upper limit measurements as they are not stringent enough to affect our best-fits. For the HERACLES sample we determine a slope of −2.0 ± 0.4 roughly independent whether startbursts are included or not (solid line), but with larger uncertainties due to the relative small dynamic range sampled by the detected galaxies. For the complete galaxy sample, the slope is steeper. We determine a slope of −2.4 ± 0.2 for the nonstarbursts (dashed line) and −2.8 ± 0.2 for all galaxies (dotted line). We consider the latter result uncertain and potentially biased high because it is driven by a handful galaxies that are currently undergoing a starburst and have CO measurements from Taylor et al. (1998) , measurements that have been made prior to the latest generation of sensitive millimeter receivers. The scatter of the data to the best-fit relations is 0.09 − 0.12 dex (∼ 30%) which is significant smaller than the scatter of ∼ 0.3 dex in the ratio α CO /α CO, Gal for galaxies with 12+log 10 O/H 8.6. In this sense a steep increase of α CO with decreasing metallicity is much favored as compared to a constant value. The trend fitted to the "complete, non-starburst" sample and its associated uncertainty is indicated as red striped region in Figure 7 .
The recent study by Genzel et al. (2012) also applied the assumption of a constant SFE. They analyzed a sample of star-forming galaxies at redshift z ∼ 1 − 2 and determined a slope of −1.9 ± 0.67; the orange striped region 12 in Figure 7 . They also combined their distant galaxy sample with the dust-inferred α CO measurements from Leroy et al. (2011) which reduces their slope to −1.3 ± 0.25. The decrease in slope is basically driven by two galaxies, M31 and the SMC, and their result may be affected by combining two different methods.
Comparison
Approximate trends for the metallicity dependence of α CO derived from the three discussed methods and their intrinsic scatter are indicated in Figure 7 . At solar metallicities the three methods give roughly consistent results within their uncertainties. Toward lower metallicities the three methods however predict different trends for the dependence of α CO on metallicity. The α CO values derived from the virial method (green striped region) show no systematic trend with metallicity and exhibit roughly an order of magnitude scatter. The dust-inferred α CO values (blue striped region) and the α CO values derived from scaling the SFR (red and orange striped regions) however do show a strong systematic increase toward low metallicities. For dwarf galaxies with Z/Z ⊙ ∼ 1/2−1/10 the dust-inferred α CO values are roughly a factor of 10 larger than the Galactic value but with ∼ 1 order magnitude scatter, for the SFR-scaled α CO values they are a factor 10 − 100 larger.
In addition to changes in the distribution of CO emitting gas at low metallicities, changes in the physical conditions may also affect the excitation temperature and thus the (relative) brightness of the CO(1-0) and CO(2-1) transitions. For molecular clouds in the Magellanic Clouds, line ratios of R 21 ∼ 1.0 − 1.5 are frequently observed (Bolatto et al. 2000 (Bolatto et al. , 2003 Israel et al. 2003 Israel et al. , 2005 . This is typically (but not always) ascribed to higher fractions of warm and optically thin gas as CO is less shielded against the interstellar radiation field. In diffuse gas, values of R 21 can be as high as ∼ 3, however, these diffuse regions are typically faint and contribute only a minor fraction to the total CO emission (e.g., Israel et al. 2003) . Thus our choice of using a single value of R 21 = 0.7 when converting the HERACLES CO(2-1) line intensities to CO(1-0) values may bias our results to over-predict the true CO(1-0) line intensity in the HERACLES low metallicity galaxies by a factor 2. The lack of a systematic offset to the sample of literature galaxies in Figures 6 that all use CO(1-0) data suggest that variations in R 21 do not dominate our analysis.
The discrepancy between α CO values derived from the viral method and those derived from dust or SFR at low metallicities can be explained by considering the spatial scale which these methods operate on. The virial method operates on the small spatial scales of CO-bright cores of molecular clouds. At low metallicity these CO cores shrink as CO in low density gas gets dissociated while H 2 can survive there via self-shielding. Applying such α CO values to the total CO luminosity of a galaxy thus traces only the H 2 mass within the high density CObright cores and at low metallicity will inevitably fail to trace the total H 2 mass. On the other hand, the α CO values derived from dust or SFR are sensitive to COdark H 2 and can trace H 2 on spatial scales of the size of star-forming regions and larger.
But why are the α CO values derived from dust and SFR different? We infer α CO under the assumption of a fixed H 2 /SFR ratio, i.e., τ dep = 1.8 Gyr, that spans from massive spirals to low-mass, low-metallicity dwarfs. If this assumption breaks down then we will mis-attribute variations in H 2 /SFR to variations in α CO . In models in which the star formation efficiency is set by the free-fall time, metallicity can affect H 2 /SFR. This is pointed out by Gnedin et al. (2009) , ; they show that the gas densities containing H 2 vary strongly with metallicity and radiation field, and thus free-fall times of clouds containing H 2 are not constant. While this can cause significant scatter in H 2 /SFR on cloud scales, on large (∼ kpc) scales variations are expected to be much smaller. In environments with metallicity Z/Z ⊙ ∼ 1/10 and radiation field U/U ⊙ ∼ 10 − 100, free-fall times and thus H 2 /SFR are reduced by (only) a factor 2 − 3. This is consistent with Krumholz et al. (2011) ; they find Σ SFR /Σ H2 to be constant within a factor 2 for ranges of Σ H2 = 0.1 − 100 M ⊙ pc −2 and Z/Z ⊙ = 1 − 1/10. In the handful of studies that attempt to account for α CO variations and measure H 2 /SFR in low-metallicity galaxies (e.g., Gratier et al. 2010a,b; Bolatto et al. 2011 ), there are suggestions that H 2 /SFR is up to 2 − 5 times lower in local dwarfs at Z/Z ⊙ ∼ 1/5. A factor of ∼ 2−5 adjustment will not perfectly reconcile the various α CO measurements at the lowest metallicities but can provide rough agreement at Z/Z ⊙ ∼ 1/2 − 1/5. In this case Figure 7 and similar plots combine two important trends: variations in α CO and in τ dep . More detailed work comparing the SFR to H 2 estimated via independent tracers like dust, [C II], or gamma rays will be needed to refine this approach.
As noted above, the relative alignment of our galaxy sample along the x-axis (metallicity) in Figure 7 and preceding plots are fairly secure. However the absolute calibration of metallicities measured for extragalactic systems remains uncertain. Therefore the relationship to solar metallicity remains somewhat tenuous, as does the alignment of the three methods.
Another concern is that the ratios of CO, H 2 , and SFR vary with time.
On small scales this shows as offsets between Hα, a tracer of recent star formation, and CO, and induces large scatter in the respective ratios (e.g., Schruba et al. 2010; Onodera et al. 2010 ) which can be linked to the evolution of starforming regions (Kawamura et al. 2009 ). Numerical simulations even suggest that the ratios may never be constant inside a cloud because chemical equilibrium is not reached during most or all of a cloud's lifetime (Glover et al. 2010; Glover & Mac Low 2011; Shetty et al. 2011a,b; ). On galaxy scales however Pelupessy & Papadopoulos (2009) and Papadopoulos & Pelupessy (2010) suggest that the ratios are roughly constant after dynamical equilibrium between ISM phases and stars is established (t ∼ 1 Gyr). Only during (early) times of strong galaxy evolution, when the ISM phases and star formation are out of equilibrium, do larger deviations between CO, H 2 , and SFR occur (t 0.2 − 0.3 Gyr); gas-rich and/or low-metallicity galaxies can show strong periodic variations throughout their evolution. Such variations are strongest in the smallest dwarf galaxies (M B > −15) and are less common and weaker in (more) massive dwarfs and spirals (Lee et al. 2009 ). Some galaxies of our literature sample experience a current starburst (e.g., NGC 2366, NCG 4449, and NGC 5253) or are in a post-starburst phase (e.g., NGC 1569). These bursts can last for a few 100 Myr (McQuinn et al. 2010 ) and may show a strong time evolution in the brightness of their molecular gas and star formation tracers: starting with being bright in CO, followed by a phase being bright in CO and IR (a sign of embedded star formation), and finally being bright in IR and FUV (sensitive to stellar populations of age 100 Myr; Salim et al. 2007 ). Our literature samples, including SINGS, LVL, THINGS, and HERACLES have often an implicit or explicit bias to select IR-bright galaxies, and thus actively star-forming systems which means that we infer a high α CO . Robust volume-limited surveys or otherwise unbiased samples are needed to remedy this.
SUMMARY
This paper presents sensitive maps of 12 CO J = 2 − 1 emission for 16 nearby star-forming dwarf galaxies from the HERACLES survey (for a first presentation of a subsample of our galaxies see Leroy et al. 2009 ). Thanks to the large area covered (∼ 2 − 5 R 25 ) and high linear resolution of ∼ 250 pc at the average target distance of D = 4 Mpc, we can sample our targets by 10 − 1000 resolution elements.
We apply the stacking techniques developed in Schruba et al. (2011) to perform the most sensitive search for CO emission in low-metallicity galaxies across the entire star-forming disk. We search for CO emission on three spatial scales: individual lines-of-sight, stacking over IR-bright regions indicating embedded starformation and thus regions likely to contain molecular gas, and stacking over entire galaxies. Our point source sensitivity is L CO 2−1 ∼ 2 × 10 4 K km s −1 pc 2 , sufficient to detect a CO-bright cloud with luminosity comparable to Orion A or the brightest cloud in the SMC but at distance D = 4 Mpc. When stacking over the entire galaxy our data have sufficient sensitivity to detect the LMC at D = 4 Mpc; but not the SMC. We detect 5 galaxies in CO with total CO luminosities of L CO 2−1 = 3 − 28 × 10 6 K km s −1 pc 2 . The other 11 galaxies remain undetected in CO even in the stacked images and have L CO 2−1 0.4 − 8 × 10 6 K km s −1 pc 2 . We combine our dwarf galaxy sample with a large sample of spiral galaxies from the literature to study the relations between L CO , M B , and metallicity. We find that dwarf galaxies with metallicities Z/Z ⊙ ≈ 1/2−1/10 have L CO of 2 − 4 orders of magnitude smaller than massive spiral galaxies with Z/Z ⊙ ∼ 1 and that their L CO per unit L B is 1 − 2 orders of magnitude smaller. Dwarf galaxies are thus significantly fainter in CO than a simple linear scaling with galaxy mass would suggest.
We also compare L CO with tracers of recent star formation (FUV and 24µm intensity) and find that L CO per unit SFR is 1 − 2 orders of magnitude smaller in dwarf galaxies as compared to massive spiral galaxies. The low L CO /SFR ratios in dwarf galaxies may either indicate intrinsically small H 2 masses coupled with high star formation efficiencies or that CO emission becomes an increasingly poor tracer of H 2 . The two are degenerate, however, following the arguments of recent observational studies of the dust-inferred gas content Bolatto et al. 2011) and theoretical studies of the SFR-H 2 dependence Glover & Clark 2012) we argue that the latter, i.e., significant changes in the CO-to-H 2 conversion factor, α CO , at low metallicity are the dominant driver.
To estimate α CO and study its metallicity dependence we apply a method recently also used by Genzel et al. (2012) which assumes the conversion of H 2 to stars to be constant and infer H 2 masses and α CO values by scaling the observed total SFRs. We assume an H 2 depletion time of τ dep = M H2 /SFR = 1.8 Gyr, the average value found for massive spirals in the HERACLES sample Leroy et al. 2008; Schruba et al. 2011) . With this assumption we derive α CO values for dwarf galaxies with Z/Z ⊙ ≈ 1/2−1/10 more than one order of magnitude larger than those found in massive spiral galaxies with solar metallicity. This strong increase of α CO at low metallicity is consistent with previous studies, in particular those of Local Group dwarf galaxies which model dust emission to constrain H 2 masses Bolatto et al. 2011) . Even though it is difficult to parametrize the dependence of α CO on metallicity given the currently available data the results suggest that CO is increasingly difficult to detect at lower metallicities. This has direct consequences for the detectability of starforming galaxies at high redshift which presumably have on average sub-solar metallicity.
